In this issue of Molecular Cell, single-cell analyses by Bumgarner et al. (2012) reveal how two antagonistic long noncoding RNAs at the FLO11 locus define a toggle responsible for morphological heterogeneity in genetically identical populations of budding yeast.
Many microbes form multicellular assemblies, such as biofilms, which are medically and industrially significant. These structures provide protection from environmental insults and facilitate the extraction of nutrients via invasion of the substrate. Within such communities, genetically identical cells often display phenotypic heterogeneity at the individual level, which may enhance their ability to anticipate environmental fluctuations. In the budding yeast Saccharomyces cerevisiae, nutrient limitation or stress induces some cells to form adhesive filaments that forage locally for nutrients, while others wash away to more distal locations. This morphological variation reflects variegated expression of flocculin genes such as FLO11, which encodes a cell wall glycoprotein conferring adhesion (reviewed in Brü ckner and Mö sch, 2012). Induction of FLO11 by environmental stimuli proceeds via classical signaling cascades, whereas cell-to-cell variation involves a metastable epigenetic toggle; cells slowly (less than once per cell division) and stochastically switch between two heritable states of FLO11 (competent for induction versus silent) (Halme et al., 2004) . In this issue, Bumgarner and colleagues analyze this switch at singlecell resolution, revealing the critical role played by two cis-interfering long noncoding RNAs (lncRNAs).
Previous microarray data revealed reciprocally expressed noncoding transcripts spanning the FLO11 promoter (Bumgarner et al., 2009 (Figure 1 ). In the basal state, the FLO11 promoter is initially unresponsive to activators, and minimal transcription occurs. The FLO11 activator (Flo8) and repressor (Sfl1) compete for binding, culminating in either stable silencing, mediated by Sfl1 together with the histone deacetylase (HDAC) Hda1, or Flo8-dependent competency for induction. In the latter case, Flo8 binding promotes PWR1 transcription, suppresses transcription of ICR1, and renders the FLO11 promoter competent-i.e., responsive to conventional activators and repressors. This allows rapid transcriptional regulation to establish an active state with high FLO11 expression. However, infrequent Sfl1-promoted ICR1 transcription ejects regulators from the promoter and ''reboots'' it to the unresponsive state, allowing competition between Sfl1 and Flo8 to determine its fate anew. Unusually, the HDAC complex Rpd3L activates FLO11 transcription. This occurs because Rpd3L facilitates Flo8 binding at the expense of Sfl1 and acts together with PWR1 transcription in blocking ICR1 expression.
A key feature of the differentiation system described here is the intersection of fast and slow responses. All competent cells rapidly respond to conventional transcription factors that signal nutrient availability. However, the slow ''epigenetic'' switch to and from the silent state generates a population of cells that behave differently, and populations exchange only on a timescale comparable to the generation time. The progress made by Bumgarner et al. (2012) in understanding the complex protein and lncRNA interactions within this switch stems from their use of single-cell techniques. These allowed direct analysis of variants within a clonal population, rather than the averaged view provided by population data. However, some questions remain, such as causality within the toggle. Without kinetic data or time-resolved analyses, at this stage it is difficult to know what acts first-the proteins or lncRNAs.
Both the process of noncoding transcription and the resulting lncRNA products perform many functions (Wang and Chang, 2011) . This and the centrality of lncRNAs in the FLO11 toggle suggest that they may offer advantages over regulatory proteins. The generation of heterogeneity via lncRNA production is potentially more precise, robust, and economical than regulation via dedicated proteins. Transcription of lncRNAs is a simple and direct means to remove transcription factors, effectively resurfacing the chromatin over the promoter (Martens et al., 2004) . The digital nature of transcription (a transcript is either made or not) produces clean binary decisions in response to stochastic signals, making lncRNAs particularly suitable for toggles. This clarity may underlie their proposed roles in cell-cycle regulation (Lardenois et al., 2011) . Phenotypic switching is advantageous only at the appropriate, context-dependent rate (Acar et al., 2008) , and lncRNA transcription frequency can readily be tuned via transcription start sites that are distinct from target genes. Furthermore, since they act in three dimensions, the effects of chromatin-bound proteins can become promiscuous and dilute with distance. In contrast, cis-acting lncRNAs are intrinsically gene specific and can potentially transmit a signal over long distances with little attenuation (Xu et al., 2011) . This may be particularly useful within extended promoters such as that of FLO11, which binds upwards of 20 regulatory proteins over a 3.4 kb region. Thus, lncRNA transcription provides toggles, information transmission, and the occasional reboot for molecular circuit boards.
More generally, the study from Bumgarner et al. (2012) exemplifies clonal heterogeneity. Under many circumstances it is advantageous for microorganisms to develop pathways conferring phenotypic variegation upon clonal populations. This is particularly true for microorganisms inhabiting complex natural environments, which can be subject to rapid changes. Heterogeneity both increases the chance that some of the population will survive sudden adverse changes and potentially allows specialization to optimize the use of complex but limited resources. We speculate that lncRNA-dependent variegated expression may be widespread. Genes involved in metabolism, morphology, signaling, and stress responses are likely candidates, as they respond to environmental changes and are commonly associated with lncRNAs (Yassour et al., 2010) . Consistent with this idea, lncRNAs are preferentially associated with genes exhibiting greater cell-to-cell expression variability (Xu et al., 2011) . Future developments in single-cell analyses, such as single-cell transcriptome sequencing, should reveal the full extent of lncRNAdependent heterogeneity. From the basal state, the promoter can either be silenced by Sfl1 binding together with the HDAC Hda1 or rendered activation competent by Flo8 binding and PWR1 expression. Conventional activators such as Ste12 and Tec1 and repressors such as Nrg1/2 then drive cells in the competent state to and from full activity. Transcription of PWR1 through the ICR1 promoter represses its expression; however, rare Sfl1-promoted ICR1 transcription events can eject promoter-bound factors, resetting the system to its basal, unresponsive state. The histone deacetylase complex Rpd3L favors FLO11 expression, by facilitating Flo8 binding and suppressing ICR1 transcription and Sfl1 recruitment.
